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Computational methods

Based on density functional theory (DFT) with periodic boundary conditions, all tasks
in this work are calculated in Dmol® code [1, 2]. In the calculation process, C-2s22p?,
N-2s22p3, 0-2s22p*, H-1s!, and Mn-3d®4s!, Mo-4d>5s!, Ru-4d’5s!, Ti-3d?4s! electron
orbitals are used as valence electrons, and the interaction between valence electrons and
core electrons is described by projector augmented wave method, and generalized
gradient approximation The Perdew-Burke-Ernzerhof functional, gradient
approximation method correlation describes the exchange association function [3]. To
make the result of the total energy more precise, spin polarization is turned on in the
calculation and DFT correction is applied. The convergence criteria for energy and
force are 1074 eV and 0.05 eV/A, respectively. When the structure is optimized, the K
space is meshed 3 x 3 x 1 with gamma-centered. During the calculation, all atoms in

the structure are relaxed.
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Catalytic performance calculation method
The computational hydrogen electrode (CHE) model [4, 5] was used to calculate the
electrochemical potential of proton-electron pairs and hydrogen under standard

conditions:

H* (aq) + e ©1/2H, (1)

According to this method, the Gibbs free energy change value for each basic reaction
is calculated as follows [6]:

AG = AE + AE p; - TAS )
Among them, AE is the energy difference calculated by DFT, AE pg is the change in
zero-point energy, T is the temperature (298.15 K), and AS is the change in entropy.
The adsorption energy can determine the stability of CO, adsorption on the surface of

the catalyst. The adsorption energy formula is as follows [6]:

AE 4= Esystem - (Esurf + ECOZ)

3)
where Egygem 1 the total energy, Eg,rand Eco, represent the energy of the surface model
and the molecule, respectively. In general, the adsorption energy is negative, indicating
that the adsorption process is an exothermic reaction and the adsorption system is

stable.
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Mechanism analysis calculation details
The mechanism of CO, adsorption on the surface of the catalyst can be elaborated by
the d-band center theory, and the formula for calculating the d-band center is as follows
[7]:

| Zong(e)ede

f_woond(e)sds (4)

&g =

where ny(¢) is the density of electrons on the corresponding d band and ¢ is the energy.
In addition, the limiting potential (Up) is the minimum negative potential that enables
heat release for each fundamental step. The formula is

U,= -AG,,, Je )

where AG,,, 1s the maximum value of the change in free energy over the entire CO,RR

path, and e is the amount of electron power [8].
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Details of diffusion performance calculation

All MD simulations were carried in a constant number, a constant volume and a
constant temperature (NVT) ensemble. The temperature was controlled by using the
Nose thermostat. The initial velocity of gas molecules was identical to Boltzmann
distribution according to the assumption that the time average is equivalent to the
ensemble average. Each MD simulation had a calculation process of 5x10° steps. The
time step and total simulation time were set to 10 fs and 5 ns, respectively. The first 2
ns was used for equilibration and the last 3 ns of the MD simulation was used for data
analysis. Full trajectory was recorded and the frames were output every 500 steps. The
diffusion activation energy can be obtained by calculating the gas motion parameters
according to molecular dynamics simulation based on our previous work [9], and by
this means, the diffusion of CO, on a TM-C,N; surface can be well verified. Therefore,
the mean-squared displacement (MSD) and diffusion coefficients (Ds) were used to
investigate the diffusion properties of gases according to the Einstein diffusion law [10],

these quantities were computed by the following equations:

MSD(t)= —Z<|r(t) 70 (©6)

D, = —hm Z<|r(t) r(01> (7)

where N is the number of molecules, 74(?) is the position of molecule when the time is

t, and r,(0) is the initial position.
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Figure S1. Optimized structure of I TM-C;,N;. (a) Mn-C;N;. (b) Mo-C;,N;. (c) Ru-

CoN1. (d) Ti-CoN.
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Figure S2. Optimized structure of 2TM-C,N;. (a) 2Mn-C,N;. (b) 2Mo-C;,N;. (¢) 2Ru-
CoNj. (d) 2Ti-CoN;.

9/42



"7 3Ti-CN,

" 3Ru-C,N,

Figure S3. Optimized structure of 3TM-C,N;. (a) 3Mn-C;,N;. (b) 3Mo-C;)N;. (¢)

3Ru-C2N1. (d) 3Ti-C2N1.
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4Ti-C2N1

"4Ru-C,N,

Figure S4. Optimized structure of 4TM-C,N;. (a) 4Mn-C;,N;. (b) 4Mo-C;)N;. (c)

4Ru-C2N1 . (d) 4Ti-C2N1 .
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Figure S5. Density of states and charge density of 1TM-C,N; (a) Mn-C,N;, (b) Mo-

C,N;. (¢) Ru-C,Ny, and (d) Ti-C;,N;. Densities are displayed with an isosurface and

the interval of isovalue is between —0.1 and 0.1 e/A3.
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Figur

e S6. Density of states and charge density of 2TM-C;,N; (a) 2Mn-C,N;, (b) 2Mo-C,N;.

(c) 2Ru-C,Ny, and (d) 2Ti-C,N;. Densities are displayed with an isosurface and the

interval of isovalue is between —0.1 and 0.1 e/A3.
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Figure S7. Density of states and charge density of 3TM-C,;N; (a) 3Mn-C,Nj, (b)
3Mo-C;N;. (¢) 3Ru-C,Njy, and (d) 3Ti-C,N;. Densities are displayed with an
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Figure S9. The ab initio molecular dynamics of CO, on (a) Mn-C,Ny, (b) Mo-C,Ny,
(c) Ru-C;N; and (d) Ti-C,N; monolayer.
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Figure S10. The ab initio molecular dynamics of CO; on (a) 2Mn-C,;Ny, (b) 2Mo-
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Figure S12. The ab initio molecular dynamics of CO; on (a) 4Mn-C,Ny, (b) 4Mo-
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Figure S17. Density of states of (a) 4Mn-C,N;-CO,, (b) 4Mo-C,N;-CO;. (¢) 4Ru-

C2N1-C02, and (d) 4Ti-C2N1-C02.
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Figure S19. The initial and the final stable configurations of CO, on the ITM-C,Nj.
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Figure S20. The initial and the final stable configurations of CO, on the 2TM-C;Nj.
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Figure S22. The initial and the final stable configurations of CO, on the 4TM-C,N;.
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Table S1. The adsorption energies (E,4;), bond lengths of C and O atoms in CO; (d..,),

O-C-O angles of the most stable CO, adsorption configurations on the TM-C,N;.

Models E.gs (eV) de.o (A) 0O-C-O angles
Mn-C,N; -2.60 1.20/1.18 163.22
Mo-C,N; -0.29 1.21/1.21 152.58
Ru-C)N; -0.29 1.20/1.20 157.20
Ti-CoNy -0.53 1.19/1.23 152.90
2Mn-C,N; -1.50 1.24/1.32 137.32
2Mo-C,N; -1.16 1.23/1.29 134.92
2Ru-CoN; -0.88 1.24/1.26 136.58
2Ti-C,N; -1.13 1.22/1.28 138.267
3Mn-C,N; -1.76 1.28/1.28 133.43
3Mo-C,N; -1.56 1.25/1.32 127.32
3Ru-CoN; -0.94 1.24/1.26 135.28
3Ti-CoN, -1.51 1.23/1.32 127.19
4Mn-C)N, -1.61 1.28/1.27 134.52
4Mo-C,N; -1.47 1.27/1.27 129.91
4Ru-CoN; -2.14 1.28/1.28 136.79
4Ti-C)N, -1.44 1.27/1.27 130.92
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Table S2. The adsorption energy E, 4 (€V) of H,O on the TM-C;Nj.

Models Eags (€V)
Mn-C,N, -0.95
Mo-CoN, -0.80
Ru-C,N, -0.57
Ti-C,N, -1.03

2Mn-CoN, -0.84
2Mo-C,N, -0.96
2Ru-C,N; -0.67
2Ti-CoN, -0.96
3Mn-C,N; -0.93
3Mo-CoN, -0.90
3Ru-C,N; -0.74
3Ti-CoN; -1.10
4Mn-C,N, -1.13
4Mo-C,N, -1.02
4Ru-C,N, -0.97
4Ti-C,N, -1.17
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Table S3. Diffusion coefficient of CO, on the TM-C,N;

Models CO,
Mn-C,N, 4.15
Mo-CoN, 4.52
Ru-C,N, 427
Ti-C,N, 4.95

2Mn-C,N, 3.87
2Mo-C,N, 5.33
2Ru-C,N; 4.24
2Ti-CoN, 4.22
3Mn-C,N; 291
3Mo-C,N; 2.19
3Ru-C,N; 3.86
3Ti-C,N; 2.78
4Mn-C,N, 3.73
4Mo-C,N, 3.89
4Ru-CoN, 3.74
4Ti-CoN, 4.24
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